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The following notes are based on a set of five 
pu lectures given by R. Serber (during the first two 
IFIED weeks of April 1943, as an "indoctrination course" 
UNCLASS in connection with the starting of the Los Alamos 
Project. The notes were written up by E. U. Condon. 


Ze. ? ip 1. Object 


The object of the project is to produce a practical 
military weapon in the form of a bomb in which the energy is re- 
leased by a fast neutron chain reaction in one or more of the 
materials known to show nuclear fission. 


EP Energy of Fission Process 


The direct energy relcase in the fission process is 
of, the order of 170 MEV per atom. This is considerably more than 
10 times the heat of reaction per atbm in ordinary combustion pro- 
cesses, : 
This is 170:109*4,8-107210/300 =2,7:1074 erg/nucleus. 
O Since the weight of 1 nucleus of 25 is 3.88+:10722 gram/nucleus the 

energy release is 
721017 erg/gram 
The energy release in TNT is 4° 101 erg/gram or 3,6*1016 erg/ton. 
Hence 
l kg of 25 4420000 tons of TNT / 


5. Fast Neutron Chain Reaction 


Release of this energy in a large scale way is a 
possibility because of the fact that in each fission process, which ERR RS 
requires a neutron to produce it, two neutrons are released. Con- 
sider a very great mass of active material, so great that no neutrons 
are lost through the.surface and assume the material so pure that 
‘no neutrons are lost in other ways than by fission. One neutron 
released in the mass would become 2 after the first fission, each 
of these would produce 2 after they cach had produced fission so 
in the nth generation of neutrons there would be 2" neutrons avail- 


able. 

Since in 1 kg. of 25 there are 5º 19^ nuclei it would 
require about n= 80 generations ( 290 a, 5.1095 ) to fish the whole 
kilogram. 

bi While this is going on the energy release is making 
d the material very hot, developing great pressure and hence tend- 
ing to cause an exposion. 

In an actual fjini&o..g6tgg, some neutrons are lost by 
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WHrhout specific authbrization. 
A just sufficient to stop the chain reaction. This radius depends 

on the density. As the reaction proceeds the material tends to 
expand, increasing the required minimum size faster than the actual 

" size increases. 

The whole question of whether an effective explosion 
is made depends on whether the reaction is stopped by this tendency 
before an appreciable fraction of the active material has fished. 

Note that the energy rcleased per fission is large 
compared to the total binding energy of the electrons in any atom. 
In consequence even if but 3% of the available energy is released 
the matcrial is very highly ionized and the temperature is raised 
to tho order of 40.106 degrces. If 1% is released the mean speed 
of the nuclear particles is of the order of 10° cm/sec. Expansion 
of a few centimeters will stop tho reaction, so the whole reaction 
must occur in about 5*1078 sec otherwise the material will have 
blown out enough to stop it. " 

Now the spcod of al MEV ncutron is about 1:4:109cm/sec 
and the mean frec path betwecn fissions is about 15 ` cm so the mean 
time betwcen fissions is about 1079 sec. Since only the Lost 
few generations will rolcase cnough energy to produce much expan- 
sion, it is just possible for the rcaction to occur to an interest- 
ing extent before it is stopped by the spreading of tho active 
material. 

Slow neutrons cannot play an osscntial role in an 

a) explosion process since they require about a microsecond to be 
slowcd down in hydrogenic matcrials and the oxplosion is all over 
before they arc slowed down. 


4. Fission Cross-soctions 


The matcrials in question are U889.25,. US89 og and 
clement 94299 . 49 and some others of losser intcrest. 

Ordinary uranium as it occurs in naturc contains about 
1/140 of 25, the rest boing 28 except for a very small amount of 24. 

The nuclear cross-section for fission of the two kinds 
of U and of 49 is shown roughly in Fig. 1 where GQ; is plotted 
against the log of the incident neutron's energy. We sce that 25 
has a cross-section of about G Ns 1.5*1077* om? for neutron onergíes 
excccding O.5 MEV and rises to much higher values at low neutron en- 
ergies (9g = 640-10-24 cm? for thermal neutrons). Tor 28 however a 
threshold energy of 1 MEV occurs below which Jg = O. veal: the 
threshold Og is fairly constant and equal to 0.7°10724 cm*. 


^. 
4  -»* (Fig. l on next page) GE 
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5. Neutron Spectrum 


‘In Fig. 2 is shown the cnergy distribution of the 
neutrons relcascd in the fission proccss, The mcan energy is about 
2 KEV but an appreciade fraction of the ncutrons rclcasod have less 
than 1 MEV of cnergy and so are unable to produce fission in 28. 

One can give a quite satisfectory interpretetion of 
the cnergy distribution in Fig. 2 by supposing it to result from 
evaporetion of neutrons from the fission product nuclei with & tem- 
perature of about + MEV. Such a Maxwellian velocity distribution 
is to be relative to the moving fission product nuclei giving rise 
to a curve like Fig. 2. 


(Fig. 2 on next page) 
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6. Neutron numbor 


The average number of neutrons produced per fission 
is denoted by V. It is not known whither y has the same value for 
fission processes in different materials, induced by fast or slow 
neutrons op occurring spontaneously. 
The best value at present is 
V= 2.2 +40.2 
although a value V= 3 has been roported for spontaneous fission. 


7. Ncutron capture 


When neutrons are in uranium they are also caused to 
disappear by another process represented by the equation 
28 + n — 29 +° 
Ihe resulting element 29 undergocs two successive transformations 
into elements 39 and 49. The occurrence of this process in 28 acts 
S to consume neutrons and works against the possibility of a fast. 
d neutron chain reaction in material containing 23. = 
It is this serics of reactions, occurring in a slow 
@ neutron fission pile; which je tigeeshasd are a project for large 
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8. Why ordinary U is safe LA 


Ordinary U, containing only 1/140 of 25, is safe 
against a fast neutron chain because, (a) only 3/4 of the neutrons 
from a fission have energics above the threshold of 28, (b) only 
i of tho neutrons cscape being slowed below 1 MEV, the 28 threshold 
before they make a fission. 

So the effective neutron multiplication number in 28 is 

d 3/4 x 1/4 x 2.2 = 0.4 
Evidently a value greater than 1 is nceded for a chain reaction. 
Hence a contribution of at least 0.6 is needed from the fissionability 
of the 25 constituent. One can estimote that the fraction of 25 
must be increased at least 10-fold to make an explosive reaction 
possible. 


9. Material 49 


As mentioned above this material is prepared from 
the neutron capture reaction in 28. So far only microgram quantities 
have been produced so bulk physical properties of this element are 
not known. Also its ) value has not been measured. Its de has 
been measured and found to be about twice that of 25 over the whole 


“energy range. It is strongly x-radioactive with a half-life of 


about 20000 years. 

Since there is every rcason to expect its V to be 
close to that for U and since it is fissionable with slow neutrons 
it is expected to be suitable for our problem and another project 
is going forward with plans to produce it for us in kilogram quan- 
tities. 

Further study of all its propertios has an important 
place on our program as rapidly as suitable quantitics become 
available. 


10. Simplest Estimate of Minimum Size of Bomb 


Let us consider a homogencous material in which the 
neutron number is y and the mean-time between fissions is T. In 


Sec. 3 wo estim ted T= `. 1079soc. for uranium. Then if N is the 
number of neutrons in unit volume we heve 
bad . LJ pe EN 
E If SANA end 


The term on the right is the net rate of generation of neutrons in 
unit volume. The first term on the left is the rate of increase 
of neutron density. In the second term on tho left gj is the net 
diffusion current stream of the neutrons (net number of neutrons 
crossing l cm? in 1 sec across a plene oriented in such a way that 
this net number is maximum). 

In ordinary diffusion theory (which is valid only 
when'all dimensions of boundaries arc largo comprred to the mean 


. free path of the diffusing panticles -.9..cqndition not fulfillcd 


in our case) the EES opurodt iis P OPRA ULODRL to the gradient 
of N, : x Te cos 
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whei E the diffusion coefficient ( cm@/sec). 
Hence we have 


N = DAN INS UNCLASSIFIED 
Assume a solution whose time dependence is of the form 
N = ON sg, 2) e" 7 


where Ji is called the "effective neutron number". The equation 
to be satisfied by N, is 


= Vi vol 
AN sp Een cce qure dO Vá 
together with e boundary condition. In the simple case in which we 
are dealing with a sphere of radius R, we may suppose that N, is 


spherically symmetric. 
At r=R we would have, on simple theory N,=0. 


NiCr) = SmQqr/R) 
provided that y! has the value É 


vie (v-1) — "TDT/R* 
This shows that in an infinitely large sphere the neutron density 
would build up with the time constant (V-!)/7 . Smaller spheres 
build up less rapidly. Any sphere so small that v'< O is one for 
which the neutrons leak out the surface so rapidly that an initial 
density will die out rather than build up. Hence the critical rad- 
ius is given by 2. 
que = mUDr y'so 

CLE EE v=! 

Now D is given by D=iv/3 where à is the transport 
mean free path, t= l/nó, , nis the number of nuclei per cc and ^ 


o = Los + ff asa «soa | 
which brings out the reason for measurements of the angular scatter- 
ing of neutrons in U. In metallic U we have 


8 Te = 4 : jo 6 evt. 
which, for a density of 19 gm/cm®, gives X-5 cm. 
Also l 
4 
T= = E Ge 2 — T? a Op 
N Tp U vo Tẹ so TÍDT= EJ l eria 220, 
Therefore | a 220 
É Rs uso W” Re = L3 = EK Gm d Re = Ka cm, 


The critical volume is therefore 10.5*10° cm? giving a critical i 


mass of 200 kilograms. 3p ME EE UNCLASSIFIED. 
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Hence the critical mass for a cubical shapo is 
35 n = 24 times as great as for a sphere. 


| mentes cf the pryecty evan of the same la 
ZU cube, O<x<@, OLyc<a, 


à 


The value of the critical mess is, howovor, con- 
The more 


siderably overestimatcd by tho elementary diffusion theory. 
exact diffusion thcory cllowing for the long froe path árops Re by a 
factor about 2/3 giving 
Re ~ 9em Me ~ 60kq d, 2$. 
The elomentery treatment just given indicates the 

dependence of Me on the principal constants 
M a — =o M CH - =s 

eS ot Cos melyn] 

For R R, we have the time dependence of 


where is the density. 
neutro multiplication given by Pao (Rey ] 7/5 


Hence for a sphere of twice tho critical mass tho time constant, 
di for multiplication of neutron density by@is 2.4 x 1078 sec, 


ll. Effect of Tampor 


l If we surround the core of active material by a 
shell of inactive material the shell will roflect some neutrons 
which would otherwise escape. Therefore a smaller quantity of 
active material will bo enough to give rise to an explosion. The 
surrounding case is called a tempor. 

The tampor material serves not only to retard the 


escape of neutrons but also by its inértia to retard the expansion of 
(The retardation provided by the tensile 


22558 

gti? the active material. 

fii? strength of the crse is negligible.) For the lattor purpose it is 

ER da desirable to uso the donsest availeble materials (Ai, W, Re, U). Pres 

gts é: sent evidence indicates that for neutron reflecting properties also, 

22,3 one cannot do better thon usc these heavy clements. Necdiess to sey, 

Esai |! a great deal of work will have to be done on the properties of tamper 

oge83 -meterials. 

JIU RE. i Wo will now analyze the offect of tamper by the 

$52.58 “same approximate diffusion theory that was uged in the preceding 

gizzi* section, Let D’ be the diffusion coefficient for fast neutrons 

reif in the tamper material and suppose the lifetime of a neutron in the 

HIER Leonor Aë . Here d = NO.» / NTF » with yi! the nuc- 

325: QNleaT density of the Lompen and o,, its capture cross-section. If 
the tamper material is itself fisslonable ( U tamper) the absorption 

123), with wthe number of 


O coefficient is reduced by a gaqtore (§ M. 
^^. neutrons Produced per capturd, $7. os. $t. $5 gu 
At the boundary between active material and tamper, 
s so 


the diffusion stream of n¥utfogs. Ais a8. continuou | 
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In the tamper the equation for neutron density is 
N e DAN — SN 

ov for the spatial dependence, T 

YVI +X D 
A AL 3T Ni = O 
As an easy special case suppose the tamper has the 
same neutron diffusion coefficient as the active materiol (i.e. the 


same mean free path) but has no absorption, so « —0. Then under 
critical conditions (V0) we havo 


No OTe + B 


o 


in the tamper material and 


Ny = To. 
in the active material, A 
At the outer boundary of tho tamper, r = R , we 


must have N, = O hence 
/ / 
N, = A ( i E Ea 


On each side of the boundary r = R between active material and tamper 
@ material, the slopes must be equal so, equating the densities and 
slopes on both sides of the boundary we find the following cquation 


to determine k, 


e RIR’ ; 
: RR esk R + sm AR = 0 
I— RIR! 
i In the limit of a very large temper radius R/—-o 
this requires that EE T/2R 


which is just half the velue it had in the case of the untampered 
gadget. Hence the critical mass needed is one-eighth as much as for 
the bare bomb, 

Actually on better theory the improvement is not 
as great as this becsuse the edge effect (correction for long free 
path) is not as big in this case as in the bere bomb. Hence the 
improvement of non-absorptive equal diffusion tamper over the critical 
mess, both handled by more accurate diffusion theory only turns out 
to be a factor of four instead of cight. 


Exercise: 
onsider a non-ebsorptive tamper material for 

S which tatrodiffusion cocfficient D' is small com- 
Te The doi ag e D. In the limit if D/— 0, no neutrons 

with information ST jemon, rene Qulthisescepe from the active material by diffusion, 

pedet no 89 Dcoofttical radius.weuld vanish end any amount 
€ ene à nc Qt.ndiivevyioro would Be tolplosive. 
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pitch pet an idea of the Eeer obtainable 
» trong Ee per material of shorter mean Ero path 
é A an, he"&ctive material show that if D 4D 
3 then Db critical mass is 1/2.40 times what it is 
in the case of thick tamper (R/= co) if D’= D, 
From this we see that it would be very much worth 
while to find tamper materials of low diffusion 
coefficient. 
{It ie mu that x=RR is a root of 


x ei D/D) sin 
which is 1.17 P approxinabolv when D'/D = 0.5.) 


If the tamper material is SE then the 
neutron density in it will fall off like Fr Ar 


instead of 1/r which tends to make the e? mass greater than 


‘if the tamper did not absorb. 


| S. The distance tne neutrons get into the tamper 
is (/R= Di VS where 2’ is the mean free path and S the number 
of collisions Dolor capture. Guessing s~20 this gives, with 
L’ =Sem, an effective tamper thickness ~ 13cm. For a U tamper 
Ver OG , -and the effective thickness is raised to 17 cm. These 
figures give an idea of the tamper thickness actually required; the 
weight of the tamper is about a ton, 

For a normal U tamper the best available calcula- 
tions E Re = 6 cm and M, = 15 Kg of 25 while with Au tamper 
M. — 22 kg of 25. 

The critical mass for 49 might be,bocause of its 
larger fission cross section, less than that of 25 by about a fac- 
tor 3. So for 49 

M. Z 5 Kg for U tamper 
M , 7.5 Kg for Au temper. 

SS These values of critical masses are still quite 
uncertain, particularly those for 49 To improve our estimates ro- 
quires a better knowledge of the properties of bomb materials and 
tamper: neutron multiplication number, clastic and inelastic cross 
sections, overall experiments on temper materials. Finally how- 
ever, when materials are available, the critical masses will have 
to be determined by actual test. 


12. Damage - UNCLASSIFIED 


Several kinds of damage will be caused by the 
bomb, te 
d A very large number of neutrons is released in 
the explosion. “ One can estimate a radius of about 1000 yards around 
the site of explosion as the size of the region in which the neutron 
concentration is great enspsk £o yrqduge, severo pathological effects. 
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amount of radioactivity produced, as well as the total number 
of neutrons, is evidently proportional just to the number of 
fission processes, or to the total energy released. 

The mechanical explosion damage is caused by 
the blast or shock wave. The explosion starts acoustic waves in 
the air which travel with the acoustic velocity, o, superposed 
on the volocity u of the mass motion with which material is con- 
vected out from the center, Since c ~ YT whore 7 is the abso- 
lute temperature and since both u and c are greater farther back  : 
in the wave disturbance it follows that the back of the wave over- 
takes the front and thus builds up a sharp front. This is essen- 
tially discontinuous in both pressure and density. 


< r > 
It has been shown that in such a wave front the 
density just behind the front risos abruptly to six times its 
value just ahead of the front. In back of the front the density. 
falls down essentially to zero. 
If E is the total energy reloased in tho explosion 
it has been shown that the maximum value of the pressure in the 


wave front varies as 
dp uno. EUR 


| 
le [o lh 
< r 


> 


‘the maximum pressure varying as !/r? instead of the usual I / pr 


because tho width of the strongly compressed region incrcasos 
EE EES to r. l 

This behavior continues as long as F is greator 
than abogt 2 atmospheres., At lower pressuros thoro is a transition 
to ordinary acoustic behavior the width of the pulse no longor in- 
croasing. 

If destructive action may be regerded as measured 
by the maximum pressure amplitude, it follows that the radius of 
destructive action produced by an explosion varies as 3 
Now in a $ ton bomb, containing X ton of TNT tho destructive radius 
is of the order of 150 feet. Henco in 8 bomb equivalent to 100000 
tons of TNT (or 5 kg of active material totally converted) one 
would expect a destructive radius of the order of V/400€6 co *[50 sti tot 
feot or about 2 miles. 

This points roughly to the kind of results which 
may be expected^from a dcvi&e of tho kind we hopo to make. Since 
the one factor that determines the demage is the cnergy release, 
our aim is simply to get as much energy, from the explogion as we 
can. And since the materinis We se arg very precious, Ye are 


- constrained to go this with .SBs8fhigh?hn:dfficlency as is.pdssible. 
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Às remarked in Sec. 3, the material tends to 

` . blow apart as the reaction proceeds, and this tends to stop the 
reaction. In general then the reaction will not go to completion 
in an actual gadget. The fraction of energy released roletive to 
that which would be released if ell active material were trans- 
formed is called the efficiency. 

Let Re,= critical radius figured for normal den- 
sity Co, also Ro initial radius and R = radius at a perticular 
instant. Assume homogeneous expansion. Then the density when 


expanded is Q Sege SÉ ( Rol RYS 


-and the critical rađius R figured with the actual density e is 
€ Re = Re 
. Xe = co (96 / 
Ihe reaction will procecd until expansion has gone so far that 


Ro = R. Therefore the radius R at which expansion stops is 
i b — Fii S E 
given by Ri Re E RS Reo 


Since the ratio of RolTleois equal to the cube root of the ratio 
of Mo , the actual active mass, to M, the critical mass we soo 


that c OR 
a ; 
fX [Ro T «f M o J Meo 
@ and therefore a gadget having twice the critical mass will oxpand 
to a radius only aps -[.[C times its original radius before 


the reaction stops. 

The next problom is to find a simple expression 
for the time taken for this expansion to occur, since we already 
know how to calculate thc time constant v'/Tof the reaction, Of 
course V’ is not a constant during tho expansion since its value 
depends on the radius but this point will be ignored at first. 

: At a place whore we. have N neutrons/em® there 
will be N/T fissions/cm sec and thorefore if E is the energy 
release in erg/fission the volume rate of energy generation is 
(£/T)N .. Hence pne energy released in unit volume 
between t —00 a EIT 
e ime nd time is TER (£/ v ).N g” t/a 


vof of this energy goes at once into kinetic 

energy of the fission fragments which are quickly brought to rest 

in the material by communication of their energy largely to thermal 

kinetic cnergy of motion to the othcr atoms of the active stuff. 
The course of events is shown in Fig. 3. The 

units on tho scole of abscissas are units of Vin . If there 

was no expansion, and if the rate of reaction toward the ond was 


4 on the upper logarithmic scale., Tho places on this scale market. 
100%, 10% and 1% respectively show the energy released in unit vol- 
. ume for theso three values ef thoseffáçiency. A second logarithmic 
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t can be calculated that tho pressure in atmos- 


TS à 
| es yum roughly like the values given on tho third scale. 


& point just below 1017 org/cm9 evolved the radiation pressure 
is equal to the gas, ressure, after that radiation pressure pre- 
dominates. Near 104 erg/cm? is the place whore the solid melts 
so up to this time nothing very drastic has happenéd - the impor- 
tant phenomena occur in the next 20 units of y'(/T- 

Very roughly we may perte WÉI KE for 
masses not much larger than the critical mass, the combination of 
factors on which the efficiency depends: In a time of the ordor 
T/y’ the material moves from R to R so acquires a velocity 


Uw (W/T) (R- Ro) 


R~- Ro = z OReo 

Tho kinetic energy pcr grem thet is acquired PY the material is 
U/L - (TY e qt 

Tho total energy SE is greater in the order pV pav 

or 2/34 . Let €,="7.1017 org/gram be the energy release for 

complete conversion then the efficiency is of the order 


fee “Ve re) COTA) Ros (2/34) 
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For an untampered den 


o 
Writing R = Rco(1+0) we find that 


or 


y! o 2(v-1) a 


| e, BE zy Bf. | 
5 3 £T — ^ 
Putting in the known ui s E 
E = 7.10!7 T = [07 Re = 9 


f = K oi wrlh w= d 


If this very rough calculation is replaced by 
a more accurate one the only change is to alter the valuc of the 
coefficient Bh The calculations ere not yet complete, but the 
truo value is probably Kc >to Le. 
Hence for a moss that is twice tho critical mass, 
yz Ke so xz O25and the efficiency comes out less 
than 1%. We see that the efficiency is extremely low even when 
this much valuable material is used. . 
Notice that 7 varies inversely as the velocity 
of the neutrons, Hence it is advantageous for the neutrons to be 
fast. The efficiency dopends on the nuclear properties through 


the fact Se 
e actors 4 c uty D Se AS 


where V is the mean speed of the hearer Sa the other symbols 
are already defined. 
In the above treatment we have considered only 
the effect of the~general expansion of whe bomb material. There 
is an additional effect whick tnd to Stop the reaction: as tho  . 


giving 


we find 


pressure, builds, MP “Lt beginse*soebkowtefS material at the outer edge 
vit AAA t g turns out,to.be.of «comparable importance in 
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"stopping the reaction to the general exffrísion of the interior, 
However the formula for the efficiency cán be shown to be un- 
changed in form; the edge expansion manifests itself simply in 
a reduction in the constant K. The effect of blowing off the edge 
has been already taken into account in the more accurate estimate 
of K given above. 


14. Effect of Tamper on Efficiency 


For a given mass of active material, tamper always 
increases efficiency. It acts both to reflect neutrons tack into 
the active material and by its inertia to slow the exparsion thus 
giving opportunity for the reaction to proceed farther Lefore it 
is stopped by the expansion. 

However the increase in ^fficiency given by a good 
tamper is not as large as one might juige simply from the reduc- 
tion in the critical mass produced by the tamper. This is duc 
to the fact that the neutrons which aro returned by diffusion 
into and back out of the tamper take a long time to return, par- 
ticularly since they are slowed down by inelastic impacts in the 
tamper material. ] 
í Tho time scale, for masses noar critical where 
one has to rely on the slowest neutrons to keep the chain going, 
now becomes effectively tho lifetime of neutrons in the tampos, 
rather than the lifetime in the bomb. The lifetime of neutrons 
in a U tamper is^-l0 Sec ten times that in the bomb. The effi- 
ciency is consequently very small just above the critical mass, 
so to some extent the reduction in critical mass is of no use 
to use 

One can get a picture of the effect of tamper on 
efficiency from Fig. 4, in which U dis plottod against bomb 
radius for various tamper materials. The time ucâle is given by 

T/V’ ; the efficiency, as we have seen in the preceeding 
section, is inversely proportional to the square of the time 
scale, Thus $f ~ „i2. 
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If we use good tamper (U) the efficiency is very low near the 
critical mass due to the small slope of the y! vs.R curve near 
VI zc, When one uses a mass sufficiently greater than the 
critical to get good efficiency there is not very much differ- 
ence betweon U and Au as tamper materials. 

It turns out that if one is using 4 M. and the 
U tamper, then only about 15% more active material is needed 
to get the same energy relcase with a gold tamper, although tho 
critical masses differ by 50%. 

In andition to reflecting neutrons, the tamer 
ais» inhibits the tendency of the edge of ihe bomb to blow off. 
The edge expands into the tamper matorial, starting a shock 
wave which compresses the tamper material sixteonfold. Thuse 
odge effects as remarked in Sec. b3 always act to reduce the 
factor K in the formula, f= K A\8 ,but not by as great an amount 
in the case of tamped bomb as in the case of the untamped bomb. 


15. Detonation 


Before firing, the active material must be dis- 
posed in such a way that the effective neutron number y” is 
yu less than ynity.‘ The act of firing consists in producing a re- 
arrangement such that after the rearrangement y/ is greater than 


unity. 

a l This problem is complicated by the fact that, as 
we have seen, we need to deal with a.total mass of active material 
considergbly greater than the critical in order to get appreciable 
efficiency. 
: For any proposed type of rearrangement we may in- 
troduce a ee e which changes from O to 1 as the rear- 
rangement of parts proceeds from its initial to its final value. 


Schematically V’ will vory with É along some such curve as is 
Be indicated in the sketch. Since the rearrangement proceeds at a 
f finite speed there will be a finite time interval during which 

V/ though positive is much smaller than its final value. is 


qi tonsidered in.móró detail Bf tcr'tnyfs'will always be some un- 
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thout SET able sources of neutrons in the active material. In any 
echeme of rearrangement some fairly massive amount of material 
will have to be moved a distance of the order of R. ~ 10 cm. 
A Assuming a speed of 3000 ft/sec can be imparted with some type 
of gun this means that the time it takes to put the pieces of 
the bomb together is v 107* sec. Since the whole explosion: 
is over ina time 75 T/y’? INE soc, we see that, except tor very 
small v’ (vc 01), an explosidn started by a premature neutron 
will be all finished before there is time for the piecus to move 
an appreciable distance. Thus if neutron multiplication h^npona 
to start before the pioces reach their final configuratica =n ex- 
plosion will occur that is of lower efficiency corresponsing to 
tho lower value of v at the instant of explosion. 
To avoid predetonation it is therefore necessary 
to keep the neutron background as low es possible and to effect 
the rearrangement as rapidly as possible. 


16. Probability of Predetonation 


Since it will be clearly impossible to reduce the 
neutron background rigorously to zero, there will always be some 
chance of predetonation. In this section we try to see how great 
this chance is in order to see how this affects the firing prcb- 
lem, 

a The chance of predetonation is dependent on the 

likelihood of a neutron appearing in the active mass while V’ is 
still small and on the likelihood that such a neutron will really 
set off a chain reaction. With just a single neutron relersed 
when y'»eit is by no means certain that a chain reaction will 
start, sínce any particular neutron may escape from the active 
material without causing a chain reaction, 

The question can be considered in relation to a 
little gambling problem, In tossing loaded coins suppose p is 
the probability of winning and q thet of losing. Let P, be the 
probability of losing all of an initial stock of n coins. On the 
first toss either one wins and thus has (n +1) coins or loses and 
thus has (n ~ 1) coins. Hence the probatslity Ph is given by 

Pr = P Pra, + q Pray 

the solution of which is > 

Pa = C4 Z pyn . 

Identifying this with the neutron multiplication problem one can 

show that 4/p = |— V/. Hence the probability of not starting 
a chain reaction with one neutron is (1 - v’) or v' is the prob- 

ability that any one neutron will start a chain reaction. 

. Suppose now that there is a sourco of N neutron/ 
sec, Let P(t) be the probability of not getting a predetonation . 
up to the instant t. In the interval dt we have Pa 

Tur dP = —Ndt w P 
On the left the first three factors together give tho probability 
" of going off» time dt, ang.the fachon P is the probability of not 
a having had a“predttonattan tup tos thats time. ida D 
“Near theeXodud.y/5 di. Më may suppose thay yyy 
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g eee ENE 1s the number of neutrons expected in the interval 
een t = O, when y/— 0, and the time when the multiplication 
number has reached the value vw”. Evidently for a particular 
` type of firing rearrangement N will vary inversely as the veloc- 
ity with which the firing rearrangement is carried out. 
x For example consider a bomb whose mass is between 
two and three critical masses, for which the finel value of y’ is 
0.3 and suppose that N = 104 neutrons/sce from unavoidable 
sources. Also suppose that one piece must move d — 10 cm from 
the y/ = 0.0 configuration to the finaly’ = 0.3 configuration. 
Suppose that this piece has a velocity of 10° cm/sec Denk = 1 
ana P = E Me 


so there is approximately a 15% chance of predetonation. 
| - This is the chance of predetonction any time up to 

thet at which the final value of v’ is reached. In this example 
the exponent is small enough that the chance of predotonation, 
(1 - P), is given by the lincar approximation. 
Since the efficiency varies as v'3 one will get an explosion of 

' less than $ of the maximum if it goes off before v” has reached 
the value 0.3/Yq = 0.9 . Hence the probability of an explosion 
giving less than 25% of the maximum value is 


é ! (19/^,3Y x AS = GY 
The example serves to indicate the importance of 
taking great pnins to get the least possiblo neutron background, 
i and of shooting tho firing rearrangement with the maximum possible 
velocity. It seems one should strive for a neutron background 


of 10000 neutron/sec or less end firing velocities of 3000 ft/sec 
or more, Bth of these are EE 
: D 


17. Fizzles 


The question now arises: what if by bad luck or be- 
cause the neutron background is very high, the bomb goos off when 
Vi is very close to zero? It is important to know whether the 
enemy will have an opportunity to inspect the remains and recover 

the material, We shall see that this is not a worry; in any 
event the bomb will generate enough energy to completely destroy 
‘itself, 
, „It has been remarked in the last section that for 
very small Y’ (v’<.¢/), the explosion takes so long that the 
pieces do have time to move.an appreciable distance before the 
reaction ends. Thus even if a neutron enters and starts a chain 
just when V/=G there will bo time for V’ to rise to a positive 
y value, and give an efficiency small, but greater than zero. 
E E --+ég Suppose, then, that a neutron is released when 
V =O, The number of neutrons builds up according to, the equa- 
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. . Suppose the reaction continues until about 1022 
neutrons are produced, which would correspond to an energy pro- 
duction equivalent to 100 tons of TNT. Then, at the end of the 


reaction l rn N= " d'a LIST? eu BO: 


(We can check this assumption after we have completed our esti- 

mate of the energy release. However, since the final number of 

neutrofis enters onlt in the logarithm of a large number, our re- 

sult is quíte insenBitive to what we take for N at this point.) 
Thus the reaction ends when 
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3/ EN loy Vo =~ 
Si ffe Ve dna rris = 
q» Using the Same figuros as in the precoeding section KN 
Dis, Mec. a arto We find Gx Z x lo 
The mass of 25 in the bomb is about 40 kg. The mass uscd up is 


J thus 40 xg /O ? =003 ks, and the onergy release is .003 x 20000= 
60 tons of TNT equivalent, ample vo destroy the bomb. 


182. Detonating Source 


To avoid EE we must make sure that there 

is ds a small probability of a neutron appearing while the 
pieces of the bomb are being put together. On the other hand, T 
when the pieces reach their best position we want to be very sure : 
that a noutron starts the reaction before the pieces have a chance 
to seperate or break. It may be possible to make the projectile \ 
seat and stay in the desired position. Failing in this, or in 
any event as extra insurance, another possibility is to provide 
a strong neutron source which becomes active as soon as the 
pieces come into position. For example one might use a Rat De 
source in which the Mais on one piece and the Beon the other so 
neutrons are only produced when the pieces are close to the pro- 
per relative position. 

y We can easily estimate the strength of source re- 

é quired. After the source starts working, we want a high probabil- 
ity of detonation before the pieces have time to move more than 
say l om. This means that N, the ngutgons/sec from the source 
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This is tho yield from 1 gr Na intimately mixed 
' with beryllium. Hence it might be necessary to rise several 
grams of radium since it will probably not be used efficiently 
< in this type of source. À 
Some other substance such as polonium that is 
not so active es radium will probably prove more satisfactory. 
Evidently a source of this strength that can be 
activated within about 1079 sec and is mechanically rugged enough 
to stand the shocks associated with firing presents a difficult 
problem. 
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"Ae, N6utron Background 


There are three recognized sources of neutrons 
which provide the background which gives rise to danger of 
predetonation: (a) cosmic ray neutrons, (b) spontaneous fission, 
(c) nuclear reactions which produce neutrons. 
(a) Cosmic Rays. Tho number of cosmic ray neutrons 

is about 1 per omg per minute which is too few to be of any im- 
portance. 

| ^ o (b) Spontaneous fission. The spontaneous fission 
rate is known only for 28 which is responsible for the fission 
activity of ordinary U. At present we have only upper limits 


for 25 and 49 since the activity of these has not been detected, 
e The known facts are 


: 2.8 Lee IS” neutras lg See, 
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43 » < 500 » 


It is considered probablo that the rates for 25 nnd 49 are much 
smaller than these upper limits. Even if 25 and 49 were the same 
as 28, a 40 kg bomb would have a background from this source of 
600 neutron/sec. This does not seem difficult to beat. 

But if U is used as tamper this will weigh about 
a ton which gives 15000 neutron/sec. Of course not all of these 
will get into the active material but one may expect a background 
of several thousand per second from this source. 

Thus with a U tamper one is faced with the problem 
of high velocity firing. In the range of moderately high ef- 
ficiencies, say 4 Mc of active material, it might for this reason 
not be worth while to vse a U tamper, since as we Have seen, an 
inactive tamper will cost only about 15% more active material.’ ` 
Or one might use a compromise in which the tamper was an inner 
layer of U, backed up by inactive material; for messes this large 
the time scale is so short that neutrons do not have time to pen- 


vl etrate more then about 5 cm into the tamper anyway. 
. (c) Nuclear reactions. The only important reac- 
e tions are the(s,njroactious.ef. teekements which might be pre- 
sent as impurities. The (4h) Een ët Gong have a negligible yield, 
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Let us examine what sort of limit on light element impurities 


in the active material is set by the need of holding down the 
neutron background from this source. 


The problem is particularly bad for 49 since its 
Re E is only 20000 years. Its mean life is thus 30000 years 
== 1042 sec. Thus 10 kg-of 49, containing 2.5 x 1023 nuclei À 
gives 2.5 x 1015 X-particles/sec. 
The yield from Ra X's on Be is 1.2 x 10-4 and 
the shorter range from X's of 49 as compared with those of Ra 
and its equilibrium products will perhaps cut this figure in 
half, say 6.1075, Since the stopping power for X's of these 
energies is proportional to VA where A is the etomic weight, 
the stopping power per gram is proportional to A. 
If the concentration by weight of Be in the ac- 
tive material is C then the yield of neutron/sec is 


3/S -c- No - M 


is the yield. 


e to get 10000 neutrons/sec one would noed tö have a concen- 
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is; of course, a very low concentration of anything in any- 
else, 


UI 
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The yield rops. rapidly as one goes to elements 
Higher atomic weight because of the increased Coulomb barrier, 
igo is unnecessary to consider limits on elemonts beyond Ca 

ng as ordinary standards of purity are maintained. 


Experiments on the yields with light elements 
d. to be done, 


| One can base some rough guesses on the standard 
ler penetratio 
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n formules and find the following upper limits 
Be concentration by weight for several light elements for 
Wyction of 10* neutron/sec/ 

Fo sã ` 2 x 1075 e 

b Be 299€ 40 
B 210-6 "d 
C 2.1074 3 | 
N - t 
0 2 x 1079 EE 
F 2 x 10-9 


o Low yield because only C15 contributes. 
ust (X-n) reaction not energetically possible. 
mt: Low yield because only 017 contributes. 


The effect of several impurities simultaneously present-is of 
course additive, 

It is thus recognized that the preparation and 
handling of the 49 in such a way as to attain and maintain such 
high standards of purity is an extremely difficult problem. And 
it seems very probable thofs thegnetgtrion background will be high 
and therefore high velocity firing wt) sbe desirable, 

With 25 the situation Ts much more favorable. The 

m 24 presentz'in'notutf U? tô. about 1/10000. If all 

24 goes with 25 in the sepafdtien from:as we shall have 1/100 of 

24 in the 25. The lifetime of 2% ts Y00ºtimes that of 49 so the 
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tamper will be not very difficult, 


We now consider briefly the problem of the actual mechanicsto 
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for the same background, which is not at all difficult of attain- 
ment. : 

. To summarize: 49 will be extremely difficult to work with 
from the stand-point of neutron background whereas 25 without U 
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20. Shootin 3 
& 
shooting so that the pleces are brought together with a rel 
velocity of the order of 109 cm/sec or more. This is the 
of the job about which we know least at present. 


some tamper, as in the sketch, nk: 
avoids fancy shapes and gives thez À: 
most favorable shape, for shooting; to the projected piece whose$ 
mass would be of the order of 100 lbs. ` 


mass to gun mass is about constant for different guns so a 100 1b. 
projectile would require a gun weighing about 10 tons. 

‘Tho weight of the gun varies very roughly as the cube of the 
muzzle velocity hence there is a high premium on using lower vel- 
ocitics of fire. ' i : 

‘Another possibility is to use two guns, and to fire two pro- 
jectiles at each other. For the same relative velocity this ar- 
rangement requires about 1/8 as much total gun weight. Here 
the worst difficulty lies in timing the two guns. This can be 
partly overcome by using an elongated tamper mass and putting all 
tho active material in the projectiles so it does not matter 
exactly where they meet, We have been told thet at present it 
would be possible to synchronizo so the spread in places of im- 
p on various shots would be 2 or 3 feot, One sorious restric- 

lon imposed by these shooting methods is that the mass of active 
material that can be gotten together is limited by the fact that 
cach piece spparately must be non-explosive. Since the separate 
pieces are not of the best shape, nor surrounded by the best tam- 
per material, one is not limited to two critical masses for the 
completed bomb, but might perhaps get as high as four critical 
masses, However in the two gun scheme, if the final mass is to 
be ~ 4Mc, each piece separately would probably be explosive as 
soon as it entered the temper, and, better synchronization would 
be required, It seems worthwhite to tinvestigate whether present 
performance might not be isdpréyéd By S.fgetor ton. 
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“vere restrictions on the mass of Ae amb cen be circum- 
vented by using pieces of shape more diffict to shoot. For ecx- 
ample a flat plate of actual material temped on only one side, has 
a minimum thickness below which it can no longer support a chain 
reaction, no matter how large its area, because of neutron leak- 
cge across the untemped surface. If two such plates were slid 
together, unpamped surfaces in contect, the resulting arrangemont 
could be,well over the critical thickness for a plate tampod on 
both sides, and the mass would depend only on the area of the 
platos. 

Calculations show that the critical mass of a well tamped 
spheroid, whose major axis is five times its minor axis, is only 
35% larger than the critical mass of a sphere. If such a spher- 
oid 10 em thick and 50 cm in diameter were sliced in half, each 
piece would be sub-critical though the total mass, 250 Kg, is 12 
times the critical mass. The efficiency of such an arrangement 

an would be quite good, since the ex- 
LESS a pension tends to bring the material 
Moo more and more neerly into a spher- 
ical shape. 

Thus there are meny ordnance questions we would like toz 
have answered. We would like to know how well guns can be syne 
chronized. We shall need information about the possibilities s 
of firing other then cylindrical shapes at lower velocities. At 
we shall need to know the mechanical effects of the blast wave z 
preceeding the projectile in the gun barrel. Also whether the 
projectile can be made to seat itself properly and whether a Gë: 
ton of inactive material may be used to drive the active materi 
into place, this boing desirable because thus tho active materia 
might be kept out of the gun barrel which to some extent acts "ag 
a temper. 
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For example it has been suggested that the pieces might be mounted_, 
on a ring as in tho skotch. If explosive material were distrib- > 
uted around the ring end fired the pieces would be blown inward 

to form a sphere. 

Another more likely possibility is to have the sphere as- 
sembled but with a wedge of neutron-absorbing material built into 
it, which on firing would be blown out by an explosive charge 
causing di tô go from less than unity to more than unity. Here 
the difficulty lies in the fact that no material is known whose 
absorption coefficient for fasi. weu&pone «ks much larger than the 
emission coefficient of the Bot im terial 2 Hence the absorbing 
plug will need to have a volunt. éampfariable® to that of the absorb- 
er and when removed will leave the gatiye.material in an unfav- 
orable contigunatton, KEE tola 127. moan sena. 
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21, Autocatalytic Methods d 


The term "autocatelytic method" is being used to describe 
any arrengement in which the motions of material produced by the 


reaction will act, at least for a time, to increase V’ rather than 
Evidently if arrangements having this property 


to decrease it, 

cen be developed they would be very valuablg, especially if the 

tendency toward increasing V/ was possessed to any marked degree. 
Suppose we had an arrangement in which for example y/ would 

increase of its own accord from a low value like 0.01 up to a 

value 10 to 50 times greater. The firing problem would be sim- 

plified by tho low initial value of V’ , and the efficiency would 


be maintained by the tendency to develop a high value of V! as 
It may be that a method of this kind will 


the roaction proceeds. 
be absolutely essential for utilization of 49 owing to the diffi- 
culties of high neutron background from (w n) reactions with the 
impurities as alrondy discussed. 

: 07777 sees -- The simplest scheme which 


TERR might be autocatalytic is in- 
dicated in the sketch whero 
& the activo material is dis- 
posed in a hollow shell. Sup- 
pose that when the firing plug 
e is in place one has just the 
mer criticel mass for this config- 


uration, If as the resction proceeds the expansion were to pro- 
ceed only inward it is eosy to see from diffusion theory that di 
would increrse. Of course in actual fact it will proceed outward 
(tending to decrease V/) as well as inward and the outward ex- 
pansion would in reality give the dominant effect. However, even 
if the outward expansion were very small compared to the inward 
expansion it has been calculated that this method gives very low 
was cal- 


Es 

D T Sefficiency: with 12 Mc an efficiency of only about 107 

> 3 9 Seulated,. ` A 

fees A better arrangement is the "boron bubble" scheme.  BlO 

v» £ ghas the largest known absorption cypss-section for fast neutrons, 

ees gi 52-19-24 cm2, Suppose we take a large mass of active material 

t SZ Pu put in enough boron to make the mass just critical. The de- 

© ob se is then fired by adding some more active material or tamper. 

S Sg E. , P E As the reaction proceeds the 

pe oe : ` boron is compressed and is 

KEE NL SE > acd less effective at absorbing, .. 

$525 AE Sec ve neutrons than when not com- 

SËTZ AN — pressed, this can be seen 

Me d ` SO 5 most readily if one considers, ,. 

EC TEES SW the case in which the bubbl 

tfr ro large compered to tho mean depth in which a neutron goes i YW 

5 25 f. boron before being absorbed, Then their effectiveness in remov 

Sei 8 ing neutrons will be proportional to their total area and so will 
Hence V/ will increase as the bubbles are 


drop on compression. 
compressed. If the bomb is sufficieniby.large this tendency is 
o bound to overweigh the opposing tones dye $3 the general expansion 


of the bomb material, since,.tite Mistodneithe edge of the bomb must 
move to produce a géven decrease in, V! increases with the r us 
of the ‘bomb, whereas for at larger Boob stha distance the edge Wf +. 
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1 bubble must move is unchanged, since it is not necessary to in- 


crerse the radius of the bubbles but only to use more of: them, 

‘The density of particles (electrons plus nuclei) in boron 
is 8.3.x 1075 perticle/omÓ while in uranium it is more than 5 
times greater. Therefore es sion as the reaction has proceeded 
to the point where there is a high degree of ionization and the 
material behaves as a gas there will be a great action to com- 
press the boron, An opposing tendency to the one desired will be 
the stirring or turbulence acting to mix the boron uniformly with 
the Gniforty but the time scale is too short for this to; be ef- 
fective | | | 


it can be shown that 1f initially W=Q, allowing for the 
boron absorption, and if no expansion of the outer edge occurs 
then y^ will rise to vin Z(/)-/) by compresston of the boron, 
This scheme requires at lchst five times the critical mass for 
no boron, end the efficiency is low unless considerably more is 
used, i | : 


Aë N 


If nne uses just that amount of boran which makes twice the 
no-boron critical mass be just critical, then the efficiency is 
lower by a factor at least 30, 

All autocatalytic scheines thet have been thought of so far 
require large amounts 5f active metcrial, are low in efficiency 
unless very large amounts are used, and are gangerous t> handle. ~ 

qi Some bright idcas are necded, 


22. Conclusion 


From the preceeding outline we see that the immediate ex- 
perinental program is largely concerned with measuring the neutron 
properties of various metorinls, and with the ordnance problems, 

-t is also necessary to start now studies on techniques for direct 
experimental determination of critical size and time scale, work- 
ing with large bug? sub-critical amounts of active material, 
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